Human-altered landscapes are thought to reduce habitat quality for many forest-dependent species, but some omnivorous, opportunist species take advantage of human-related food sources, such as garbage and crops. It is unknown, however, whether anthropogenic foods can sustain populations in areas with relatively little natural habitat. We studied (2007)(2008)(2009)(2010)(2011)(2012) a population of American black bears (Ursus americanus) at the western periphery of their range in Minnesota, in a landscape that was heavily impacted by agriculture (~50%). We estimated the dietary contributions of corn and sunflowers (2-4% of the landscape) versus seasonally available natural foods (spring vegetation, ants, deer, fruit, and nuts) with stable isotope analyses (δ 13 C and δ 15 N) of 110 hair samples from 51 bears. We identified associations between diet and sex, age, body size and condition, reproductive status, space use, habitat connectivity, and natural food abundance. At the population level, adult males and adult females without cubs consumed considerable crops in fall (95% credible intervals: males = 19-46% of diet, females = 10-40%), but females with cubs and juvenile bears rarely consumed crops. Individual estimates of crop consumption were positively correlated with the proportion of GPS-collar locations in crop fields. Females, but not males, decreased crop consumption in years with high availability of natural fall foods. Further, the degree of crop consumption was more closely tied to local crop availability and landscape composition in females than in males. Weight and fat were positively correlated with crop use for both sexes, and males' use of crops also increased with their physical stature, suggesting that crops provided substantial caloric benefits to bears and that social dominance may have influenced foraging decisions. However, a large segment of this bear population (44% of sampled bear-years) made little use of crops, and crops accounted for more than half the fall diet for only 14% of the population. Whereas some bears clearly benefited from consumption of crops, we conclude that a population of bears could be sustained in this largely agricultural region even without crops as a food source.
taking advantage of farmers' crops as an additional food source (Garshelis et al. 2011; Ditmer 2014) .
Stable isotope analysis of animal tissues can be used to estimate the relative contribution of different foods to an animal's diet (Ben-David and Flaherty 2012) . In particular, ratios of 15 N: 14 N increase in consumer tissues with trophic position and 13 C: 12 C varies with relative consumption of plants that use C 3 photosynthesis (trees, shrubs, cool-season grasses-Smith and Epstein 1971) versus C 4 photosynthesis (warm-season grasses-O 'Leary 1981) . Food resources derived from C 4 plants include corn (Zea mays) or human garbage containing high-fructose corn syrup or cane sugar (Merkle et al. 2011b) , and stable isotope values have been used to identify bears that consume these foods (Partridge et al. 2001; Mizukami et al. 2005; Merkle et al. 2011a; Hopkins et al. 2012; Bentzen et al. 2014) . Diet change through time can be reconstructed by analyzing sequential sections of fast-growing, but metabolically inactive tissues like hair (Fortin et al. 2013) .
Our 1st goal was to determine whether crops used by bears were an important component of their diet, accounting for their ability to subsist in this region, or simply one of many sources of food only utilized in some situations or by some individuals. We considered the population to be largely sustained by crops if: 1) estimated fall crop consumption for females at the population level was > 30% or 2) over 50% of individuals had fall diets composed of > 30% crops. We hypothesized that there is high variation in crop consumption between the sexes and among individual bears, because previously collected data from a subsample of GPS-collared bears in northwestern Minnesota indicated that some were frequently located in domesticated corn and sunflower (Helianthus annuus) fields (hereafter referred to as crops) in the fall, whereas others were rarely or never found in crop fields (Ditmer 2014) . Crops provide a dense and reliable source of calories, compared to the fruits and nuts that constitute the bear's natural diet (Hellgren et al. 1993; Howe et al. 2012) . However, foraging in crop fields presents added potential risks, notably being shot by a farmer (Jonker et al. 1998) , attacked by another bear in the crop field (Ditmer 2014) , or hit by a car when coming or going to the field (McCollister and van Manen 2010) . Because of these potential risks associated with agricultural foraging, we predicted that dietary inputs from crops would be greater for males, who are known to be less risk averse in the wild (Noyce and Garshelis 1997; Merkle et al. 2013 ) and exhibit a greater willingness to consume foreign foods in captivity than females (Ditmer et al. 2015) .
Our 2nd goal was to understand what factors drive foraging decisions in a largely agricultural landscape and the corresponding effects on the health and space use of individual bears. We hypothesized that corn and sunflower consumption would be positively associated with an individual's: 1) age (Mattson 1990) , 2) physical size (Seger et al. 2013) , which is correlated with social status (Beckmann and Berger 2003) , and 3) increased fat reserves (Beckmann and Berger 2003) , as well as 4) local crop abundance, 5) degree of habitat fragmentation (Koehler and Pierce 2003) , 6) years with low natural food availability, and 7) lower use of oak (a key fall food source -Vaughan 2002) in an individual's home range, which would result in 8) smaller fall home range areas (Beckmann and Berger 2003) because of the spatially clustered nature of row crops. Finally, we expected that 9) females with cubs would rely less on agriculture than females without cubs due to increased risks of infanticide by adult males at sites with spatially concentrated forage (Ben-David et al. 2004) . Unique from other studies, we use a combination of isotope analyses and GPS data from collared bears to validate our estimates of the dietary contribution from crops and identify the factors most closely associated with the use of crops.
Materials and Methods
Study area.-Our study area encompassed ~10,000 km 2 in northwestern Minnesota. The landscape is a mosaic of agriculture (50%) and natural vegetation (50% (2006) (2007) (2008) (2009) (2010) (2011) (2012) , soybeans and wheat were the primary annual crops grown (~10% and ~12% of the landscape respectively-United States Department of Agriculture 2012). We excluded wheat and soybeans from our analyses because they are not historically considered bear foods (Mattson 1990) and GPS-collared bears in the region were rarely located in these fields, especially compared to their extensive areal coverage (Ditmer 2014) . Corn cover increased during the study from < 0.1% to 2.1% of the landscape, while sunflower cover declined from 2.5% to < 1%. Crops covered an increasing portion of the landscape moving westward and southward within the study area.
Bears in forested parts of Minnesota consumed mainly young green vegetation, ants (primarily Lasius umbratus and Acanthomyops spp.), and white-tailed deer fawns (Odocoileus virginianus) from May to mid-July , and wild fruits during late July and August (Garshelis and Noyce 2008) . Principal wild fruits available to bears in our study area included juneberry (Amelanchier spp.), sarsaparilla (Aralia nudicaulis), chokecherry (Prunus virginiana), raspberry (Rubus strigosus), red-osier dogwood (C. sericea), gray dogwood (C. racemosa), and high-bush cranberry (Viburnum trilobum). Hazelnuts (Corylus cornuta and C. americana) were abundant from August to October, and in some years, acorns from bur oak trees were abundant in late August or early September. Corn became attractive to bears in the "milk stage," beginning in early-to-mid-August (Mattson 1990; Ditmer 2014 ) and sunflower fields were used by bears from late August to mid-September (Ditmer 2014) .
Bears were legally hunted from 1 September through midOctober each year. Most hunters attracted bears with bait, and some hunted near cornfields where bears were known to occur. Hunting was the primary source of mortality for bears in this area (Garshelis et al. 2013) . Some bears were also killed as nuisances, as it was legal for people to shoot bears to protect their property, notably their crops.
Bear capture and handling.-We captured bears in baited barrel traps from May to July 2007-2011. We immobilized bears with a combination of ketamine hydrochloride and xylazine or premixed tiletamine hydrochloride and zolazepam (Telazol; Elkins-Sinn, Cherry Hill, New Jersey). During the initial capture, we extracted a 1st upper premolar to estimate age (Coy and Garshelis 1992) , marked individuals with numbered plastic ear tags, and fitted bears with either very high-frequency (VHF) radio-collars (Telonics Inc., Mesa, Arizona), GPS storeon-board collars (Telemetry Solutions, Concord, California; Lotek Wireless Inc., Newmarket, Ontario, Canada; Advanced Telemetry Systems, Isanti, Minnesota), or GPS Iridium satellite collars (Vectronic Aerospace, Berlin, Germany). We programmed GPS collars to acquire a location once every 1-6 h during the nondenning seasons. We handled bears in their winter dens (December to March 2007 to download GPS data from store-on-board units.
During each handling, we weighed bears using hanging spring scales, measured total length (from nose tip to tip of tail) and head girth to the nearest centimeter, and assessed bone prominence and skin-fold thickness as indices of body fat (Noyce et al. 2002) . We pulled a hair sample from between the shoulders using pliers. Most hair was collected during winter, representing that year's growth; samples collected during spring trapping included only the previous year's molting hair, so represented the previous year's diet. All animal handling was approved by the University of Minnesota's Institutional Animal Care and Use Committee (permit no. 1002A77516) and all methods conformed to the guidelines of the American Society of Mammalogists regarding the use of wild animals in research (Sikes et al. 2011) .
Natural food availability.-We characterized fall food abundance using a regional index derived from an annual survey of natural resource professionals conducted by the Minnesota Department of Natural Resources (Noyce and Garshelis 1997) . Survey participants in the study area subjectively scored the productivity of fleshy fruit and nut species in their work areas each year on a scale of 0-4 (0 = almost no fruit, 1 = below average, 2 = average, 3 = above average, and 4 = bumper crop). We used the mean of the summed productivity indices of oak, hazelnut, and dogwood as a single index of natural fall food abundance (see Noyce and Garshelis 1997 for further details).
To calculate an independent index for acorn abundance specific to the study area (natural fall food abundance indices were otherwise calculated for a wider region), we identified stands with nearly 100% oak in the canopy and sampled at least 10 of these per year. We attempted to sample the same stands each year, although habitat management practices (typically burning) sometimes made this infeasible. We sampled fifteen, 1-m 2 plots in each stand, arranged in a grid of 5 plots in each of 3 parallel transects, located 1) along an open habitat edge (roadways or clearings), 2) 15 m from the edge, and 3) 30 m from the edge. We counted the number of fallen acorns (or separated caps) present in each plot. Because bears in Minnesota forage for acorns mainly after they have fallen to the ground, we conducted counts shortly after the peak in acorn fall typically in mid-September.
Isotopic analysis of hair and bear foods.-We collected samples of 25 principal wild bear foods from various sites within our study area for isotopic analysis (Table 1) . General categories included spring green vegetation (various species known to be consumed by bears), ants and pupae (L. umbratus), deer, summer fruits (berries), nuts, and crops. We obtained white-tailed deer tissue from the abdominal wall, and hair from the hindquarters, at a hunter check station in our study area. We collected corn and sunflower samples from agricultural fields from late August to early October.
We obtained guard hair samples from 51 bears (21 females and 30 males), with individuals sampled up to 7 times ( X = 2.2 hair samples per individual), but never more than once per year, yielding a total of 110 bear-years (54 males and 56 females) in our sample. We used 5-10 hairs per sample and cut each hair into 2 segments: one-third of the hair length on the root end represented the most recent growth (fall diet), whereas the remaining two-thirds at the distal end represented earlier growth (spring and summer diet- Mizukami et al. 2005) . To remove dirt, lipids, and oils, hairs were soaked and rinsed in deionized water, then soaked in a 2:1 chloroform:methanol solution for about 2 h, rinsed with deionized water, and allowed to dry (after Scwertl et al. 2003) . We trimmed visible follicles from root ends with scissors and then cut each hair segment (both distal and root ends) into pieces for analysis (~3-8 mm).
Samples were analyzed for elemental concentrations of C and N (% dry weight) and for 13 C/ 12 C and 15 N/ 14 N ratios, expressed in standard δ notation as the permil (‰) difference between the ratios of a sample and the ratios of a standard for each element (Vienna Pee Dee Belemnite for carbon and atmospheric N 2 for nitrogen). Samples and internal working standards were analyzed using either a Thermo-Electron Delta V Advantage IRMS configured through a Finnigan CONFLO III, using a Carlo Erba NC2100 elemental analyzer at the Colorado Plateau Stable Isotope Laboratory of Northern Arizona University, or at the University of Minnesota Stable Isotope Laboratory in the Department of Earth Sciences using a Costech 4010 Elemental Analyzer coupled to a Thermo-Finnegan Delta V Plus mass spectrometer. Based on replicate analyses of laboratory standards at both labs, precision for δ 13 C analyses was < 0.15‰ and < 0.2‰ for δ
15 N analyses. To analyze food samples, we removed indigestible components (e.g., seeds, hulls, shells), rinsed them in distilled water to remove dirt, then freeze-dried them at −50°C for > 24 h before grinding them into a fine powder. Deer hair samples were prepared in the same manner as the bear hair samples (but not sectioned). We analyzed all food samples at the University of Minnesota Stable Isotope Laboratory for C and N dry weight % and for δ 13 C and δ 15 N. Based on replicate analyses of a peach leaves standard, precision for δ 13 C analyses is < 0.15‰ and < 0.2‰ for δ 15 N analyses, respectively.
Isotopic mixing models for estimating dietary composition.-We created 2 mixing models to separately estimate diet during spring/summer and fall (represented by the 2 segments of hair). Bears have well-established seasonal dietary preferences which allowed us to include only the seasonally available food sources that corresponded with the season of hair growth (Noyce and Garshelis 1997; Ditmer 2014) . Due to uncertainty resulting from differing rates of hair growth among individuals, imprecision in hair sectioning, and the variability in which isotopes are incorporated into tissues, we caution that the resulting dietary estimates from the mixing models represent food incorporated into hair tissues during growth that occurred from approximately late spring (bears begin to grow new coat) until growth stops during winter hibernation. Our two-third distal and one-third root ends of sectioned hair may not align perfectly with the seasonal labels of spring/summer and fall, respectively. However, we will refer to the hair sections as being representative of the seasons throughout the remainder of the text. Prior to running models, we first assigned foods to isotopically distinct groups based on plots and their logically defined aggregate sources (as suggested by Phillips et al. 2005) . Food groups incorporated into the spring/summer model included: 1) early season spring vegetation and summer fruits, 2) ants and ant pupae, 3) deer, and 4) corn. Fall foods were grouped as: 1) autumn fruits and nuts, 2) corn, and 3) sunflowers.
We tested whether acorns could be distinguished from other natural fall forage, and whether oil and confection sunflowers could be differentiated before settling on these categories. We used the package "SIAR" (Stable Isotope Analysis in R) in program R (Parnell and Jackson 2013; R Development Core Team 2013) , which uses Bayesian inference to solve for the most likely dietary contributions of each food group, given their isotopic ratios. We ran all models with uninformative priors for 1,000,000 iterations with a burn-in of 1,000. SIAR allows for the incorporation of sources of uncertainty by accounting for variation surrounding the isotopic values of source groups, elemental concentrations of sources (wt% C, wt% N), and the discrimination factors for each source (Parnell et al. 2010) . Discrimination factors are the differences in isotope values of the animal tissue and the diet consumed. These diet-tissue discrimination factors are used to correct for this systematic offset and required before performing a stable isotope mixing analysis (Phillips 2012) . Determining proper discrimination factors is important because mixing models are sensitive to these assumptions and vary by species, tissue type, and the diet consumed (Caut et al. 2009 ). We used equations derived for American black bears and polar bears (Ursus maritimus- Hilderbrand et al. 1996) to adjust the mean δ 13 C and δ 15 N values of food samples. The only exception was for corn's carbon isotopic signature, for which we used the smallest positive adjustment recommended for carbon (+ 0.4‰ for plasma, which has similar enrichment as hair- Hilderbrand et al. 1996) . We used a SD of 0.5‰ for all discrimination factors. Discrimination factors and elemental concentrations used in the mixing models are shown in Table 2 .
Spatial data.-We overlaid the telemetry locations from GPS-collared bears whose hair had been sampled onto a land cover map (United States Geological Survey 2012) and a crop cover map (United States Department of Agriculture 2012) using a geographic information system (ArcMap 10.1-ESRI 2014). We only plotted sequential locations that were at least 4 h apart. We quantified fall (15 August until denning) use of oak, upland shrubs (primarily Corylus spp.), and crops by counting the number of locations in each of these habitats and dividing by the total number of locations per individual during the fall.
We estimated home range metrics for bear-years with ≥ 200 GPS locations during the fall. We used the package adehabitat in program R (Calenge 2006; R Development Core Team 2013) to estimate the area (km 2 ) of 50% and 95% fixed kernel density estimators (KDE) using the ad hoc method for smoothing (Worton 1989 (Worton , 1995 and 50% and 95% minimum convex polygons (MCP). Within each 95% MCP, we calculated the mean patch size of each natural cover type and the average distance between natural habitat patches to serve as indices of habitat fragmentation (Andrén 1994). We defined natural habitat as any land cover type not classified as either crop, developed, or within 15 m of roads (Minnesota Department of Transportation 2012).
We associated each hair sample with a single location on the ground to determine whether crop use increased commensurate with the increasing proportion of the landscape devoted to agriculture, westward and southward. For GPS-collared bears, this location was the centroid of the 95% MCP home range. Hair from bears without GPS collars (VHF only) were assigned the den location, trap location, or kill site where the hair was collected because they were not tracked throughout the year. We assumed the coordinates from these locations were suitable proxies for home range center when considering where the individual was found within the context of the larger landscape.
Statistical analysis.-We tested for differences in δ 15 N and δ 13 C between the root and the distal ends of hairs, and between sexes, using a 2-factor multivariate analysis of variance. Package SIAR provided posterior distributions of likely dietary contribution from each food group for the population and for each bear-year. We report population estimates using the 95% credible interval for each food group by sex and season. Annual estimates of diet from crops were calculated using the following: 2/3 × crop estimates for the spring/summer (corn only) + 1/3 × crop estimates for the fall (corn and sunflowers). The fractions (2/3, 1/3) relate to the approximate percentage of hair growth associated with seasons (bears do not eat or grow hair in winter). We used the median estimate within food groups for each bear-year to report the individual dietary estimate (IDE).
As a means of validating our isotopic mixing models, we tested for a relationship between IDEs of crop (corn + sunflowers) during fall and the percent of time each GPS-collared bear spent in corn or sunflower fields. We quantified uncertainty in the resulting estimated regression beta coefficient using a cluster-level bootstrap (resampling individuals) to account for nonindependence among observations from the same bear (i.e., data collected during different years). We also fit a series of linear mixed models to explore relationships between crop consumption and several individual, physical, and spatial covariates (Table 3) . Physical measurements were associated with the proximal end of hair collected at the time of measurement and therefore reflect the influence of diet from the preceding fall. We used a binary variable to Table 2 .-Mean (± 95% CI) isotopic values, discrimination factors (‰), and mean elemental concentrations (SD) of food-source groups used in spring/summer (SS) and fall isotopic mixing models. Food sources were grouped based on similarity of source and availability for consumption to bears. Samples were collected from spatially independent areas or crop fields in northwestern Minnesota from 2011 to 2012. distinguish females with cubs of the year (COY, "1") from males or females without COY ("0"). Many predictor variables were highly correlated or had varying levels of missing data (Table 3) ; thus, we used a series of mixed-effects models with single fixed-effect predictors for male and female bears separately to explore the relationships between crop consumption and attributes of individual bear-years: age, having COY, average skin-fold thickness and bone prominence values, weight, total body length, head girth, fall food abundance, use of oak habitat, location of activity center within the study area (crop availability increases north to south and east to west), fall home range size, and metrics of habitat connectivity. We included a random intercept for each bear ID and fit the models using the "lme" function in the nlme package of Program R (Pinheiro et al. 2013; R Development Core Team 2013) . To present relationships graphically and provide a better comparison of correlation with dietary crop reliance among predictors, we scaled and centered all variables to have a mean of 0 and a SD of 1 (Schielzeth 2010) . Thus, each coefficient reflects the expected change in response associated with a change of 1 SD in the predictor variable.
Post hoc data analysis.-Results from our initial statistical analyses suggested that grouping bears into 4 categories: adult males, adult females without COY, adult females with COY, and juveniles (age ≤ 3) was more appropriate than grouping by sex alone. Thus, we re-ran the mixing models as described above to obtain dietary estimates for these 4 groups. We report differences between groups and provide dietary estimates (± 95% credible intervals) for the 4 groups from spring/summer and fall mixing models.
To determine which grouping was most appropriate, we used Akaike's Information Criterion (AIC) to compare model fit (Burnham and Anderson 2002) of linear mixed models relating IDEs of fall crop consumption to sex only versus the 4 demographic groups. We used the same model structure as described above, using crop IDE as the response variable with a random intercept included for each different bear-year.
results
We analyzed 141 samples of bear foods and used δ 13 C and δ 15 N values to distinguish food groups for spring/summer and fall mixing models. Acorns were not isotopically different from composite fall fruit and nut samples, and oil and confection sunflowers did not differ from each other, so their values were combined (Table 1) . Spring/summer vegetation and fruit had lower δ 15 N values than other spring/summer food sources (Table 2) . Corn, a C 4 plant, was predictably distinct from sunflowers and natural foods by its more positive δ 13 C values (Table 2) . Both corn and sunflowers had more positive δ 15 N values than natural foods (Table 2) . Mean δ 13 C and δ 15 N values in 110 bear hair samples from 51 bears differed between sexes (Wilks λ = 0.95; F 4,106 = 5.30; P < 0.01) and seasons (Wilks λ = 0.86; F 2,108 = 13.99; P < 0.01). The mean δ 13 C value was more positive in males than in females during both seasons suggesting greater use of corn by males (Fig. 1) . Both sexes exhibited more positive δ 13 C values in fall than in spring/summer, coinciding with the timing of corn maturation. Females had lower δ 15 N values in the fall in comparison to spring/summer values, despite their apparent increase of corn consumption in the fall (Fig. 1) . Mean values in both spring/summer and fall portions of hair were within the expected range of natural vegetative foods, but the more positive δ 15 N values in distal portions of hair were consistent with our field observations that bears consumed significant amounts of ants and deer in spring/summer.
Despite differences in mean isotope values between males and females ( Fig. 2A) , we could not detect dietary differences between males and females at the population level based on results from our mixing models (Table 4) . Both sexes relied mainly (~80-90%) on green vegetation and fruits in spring and summer. Ants and deer comprised a small component of assimilated spring/summer diet (credible intervals bounding these estimates included 0 except for ant consumption by female bears; Table 4 ). Corn consumption in the spring/summer was similarly small for both sexes and well below our 30% threshold for reliance on crops (Table 4) .
During the fall, both sexes primarily consumed fruits and nuts (75-90%, smallest lower-largest upper 95% CI for either sex), but the contribution of corn (7-24%) was higher than in spring/summer. Sunflowers comprised up to 5% of the diet (Table 4) . Again, mixing models did not detect a difference between the sexes, although the upper 95% credible intervals for males (29%) but not females (23%) was very close to the 30% threshold that we used to determine whether they were reliant on crops. Several individuals appeared to rely heavily on crops, based on their specific isotopic signatures, suggesting that grouping bears by sex did not adequately capture population dietary trends (Fig. 2B) . Individual dietary estimates during fall varied widely, ranging from 1% to 93% for natural foods, 1% to 95% for corn, and 1% to 43% for sunflowers. Mean and median IDEs of crop consumption were 25% (95% CI = 20.6-29.2%) and 18%, respectively. CIs (95%) for the mean IDE of crop consumption for males ( X = 29%, 95% CI = 22.0-35.1%) overlapped with the mean for females ( X = 21%, 95% CI = 15.8-27.1%) but the highly left-skewed distributions of crop IDEs, especially for females, resulted in vastly different medians (males = 22%, females = 9%; Fig. 3 ). These distributions suggest that some individuals rarely consumed crops (44% percent of bear-years had IDEs consisting of < 10% crops during fall), but others used crops heavily: fall dietary composition was > 30% crops for 34% of bear-years; 14.5% of bear-years and 21.6% of all individual bears had > 50% crops in their fall diets (Fig. 3) . The percentage of each bear's GPS locations in corn and sunflower fields accounted for 43% of the variation in IDE for crop consumption ( β  = 1.99, 95% CI = 1.44-2.74, P < 0.01, n = 33) based on a linear relationship, providing strong evidence that our fall isotopic mixing model and dietary discrimination assumptions were appropriate (Fig. 4) .
Crop IDEs were also positively related to age and physical size of bears. All measures of size and condition were positively related to crop consumption in males, whereas in females this was true for body mass, bone prominence, and total length only (Fig. 5) . Females with COY had a lower proportion of crops in their diet than solitary females (Fig. 5) . Based on IDEs, females consumed less crop food in years with high natural food abundance (Fig. 5) ; males showed a similar, but not statistically significant, tendency. Crop consumption appeared to be unrelated to the abundance of acorns on the ground (Fig. 5) . Consumption of crops by females was positively related to the extent of agriculture in the vicinity of their home range. Females in the western and southern portions of the study area consumed more crops than those elsewhere (X and Y centroids; Fig. 6 ). This was not true for males. Males that consumed more crops had smaller fall home ranges (Fig. 6) ; this effect was larger using 95% MCP or KDE home ranges than for core 50% home ranges. In contrast, the amount of crop consumption by females was only weakly negatively associated with fall home range size (Fig. 6) . Time spent in oak and upland shrub habitats was negatively associated with crop consumption by females, but not males (Fig. 6 ). Crop consumption did not vary significantly with measures of habitat fragmentation within the home range (Fig. 6) .
The post hoc model, including a covariate with 4 categories representing sex, age, and reproductive status, had more support than the model with categories for gender only (AIC = −35.0 versus −10.9). Juvenile bears ( β  = −0.24, SE = 0.05, P ≤ 0.01) and females with COY ( β  = −0.24, SE = 0.06, P ≤ 0.01) had significantly lower estimated crop consumption than males. Females without COY did not differ from adult males ( β  = −0.04, SE = 0.06, P = 0.51). Dietary estimates confirm a more wildland-focused foraging strategy in juveniles and females with COY than adult males and solitary adult females without COY (Table 5) .
discussion
Black bears are typically a forest-dwelling species, yet in northwestern Minnesota, they thrive in a landscape mosaic composed of about 50% agriculture, with well over 90% of this half of the landscape containing no bear foods. Crops were an important (> 30%) seasonal dietary component for more than one-third of individual bears and comprised 10-29% and 7-23% of the fall diet for male and female bears, respectively. Whereas some adult males and females without cubs were heavily reliant on crops, most females seemed to find sufficient wild foods in the scattered woodlands. We did not consider male reliance on crops a necessity for maintaining this population. Given that most females lived and raised cubs with little use of crops, we concluded that this population would be sustained in this region even if the entire agricultural area provided no nutrition for bears. Indeed, most of this area is barren of both food and cover for bears during most of the year.
Our results suggest that bears employed differing strategies of crop consumption-some individuals sought out crops regardless of natural forage availability, some females consumed crops principally when natural foods were not abundant, and other bears foraged primarily on wild foods, regardless of availability. In particular, juveniles and females with COY rarely used crops for forage. Non-crop-feeding bears were, on average, smaller than crop-feeding bears, but their reproduction remained high. In fact, the overall reproductive rate for bears in this area was higher than in other parts of the state, due to the availability of both natural foods (especially hazelnuts along the many forest edges) and crops (Garshelis et al. 2013; Ditmer 2014 ). We do not know why some bears elected not to use crop fields-they may have weighed the risks of travelling, searching, and possibly encountering another competing, aggressive bear in a crop field, as well as the availability of natural foods in their home range.
The relationship that we observed between the physical size of bears, especially male bears, and crop consumption was strong because it was self-reinforcing: bears got heavier and fatter when feeding on crops, and large males were able to feed on crops more than other bears, due to their size. Males are known to dominate high-value food sources, often excluding females and smaller males (Garshelis and Pelton 1981; Powell et al. 1997; Beckmann and Berger 2003; Costello et al. 2009 ). The relative lack of crop use by females with COY may represent (Table 3) . Covariates were scaled and centered (Schielzeth 2010) for comparative purposes; thus, a 95% CI (vertical line) that crosses 0 was significantly associated (+ above 0 line, − below 0 line) with crop consumption. Age = age of individual; w/COY = female with cubs of the year; Acorns = index of annual acorn abundance; Fall food = summed productivity indices of oak, hazelnut, and dogwood; Bone = average bone prominence; Fat = measure of fat via skin-fold thickness measures; Weight = weight of the individual; Head = head girth; Total length = total body length (snout to tail).
an attempt to avoid the risk of infanticide posed by large males (Blanchard and Knight 1991; Martin et al. 2013 ). Anecdotally, a hunter provided us with an account in our study area of a collared male (identified by his colored eartags) attempting to kill a COY in a cornfield, defended by its collared mother. Similarly, young bears may avoid crop fields because of the threat of larger males. Moreover, some young bears, especially females with small home ranges, may be unaware of crop fields in the broader vicinity, or they may be deterred by the unnatural habitat structure and lack of tree cover. Whereas mother-offspring social learning appears to be important in determining whether bears use anthropogenic foods (Mazur and Seher 2008; Hopkins 2013) , crop fields were avoided by most mothers with COY, so young bears would not have the benefit of learning about this food source from their mother.
Consistent with optimal foraging theory (Pyke et al. 1977 ), crop-feeding reduced home range sizes because high-calorie foods were clustered. Likewise, Beckmann and Berger (2003) found that bears using rich food resources in urban areas maintained smaller home ranges than bears subsisting on natural foods. Dobey et al. (2005) observed smaller home range sizes for black bears that had access to corn feeders than those that relied exclusively on natural foods. In our study, we found that dietary choice elasticity between the sexes, based on the need to gain weight versus risk-aversion, influenced the strength of the relationship between crop foraging and home range size. Females used crops primarily as a fallback strategy when natural forage was low in abundance, and when they had less to risk (not rearing cubs). Due to annual variation in wild foods and cub-rearing (females produce cubs every other year), the relationship between crop consumption and home range size was weak for female bears. In contrast, male bears significantly reduced home range area if they found a crop field to feed in, indicating that their foraging strategy was directed toward finding and staking out these high-value, but relatively rare and scattered, feeding areas. Males were not affected by the general availability or the connectivity of surrounding natural areas, apparently because they had very large home ranges (Table 3) . Covariates were scaled and centered (Schielzeth 2010) for comparison purposes; thus, a 95% CI (vertical line) that crosses 0 was significantly associated (+ above 0 line, − below 0 line) with crop consumption. X-cent = east-west location; Y-cent = north-south location; Oak = percent of GPS location in oak habitat; KDE50 = area of home range based on 50% isopleth; MCP50 = area of home range based on 50% minimum convex polygon; KDE95 = area of home range based on 95% isopleth; MCP95 = area of home range based on 95% minimum convex polygon; NN = average nearest neighbor distance between patches of natural habitat within a home range; Patch = average mean patch size of natural habitat within a home range.
(the largest yet recorded for this species-Ditmer 2014) and were therefore likely to locate a crop field during their travels. Elsewhere, a negative relationship between natural food abundance and the propensity for bears to forage on anthropogenic food sources has been well documented (Elowe and Dodge 1989; Mattson 1990; Zack et al. 2003; Baruch-Mordo et al. 2014) . We found that natural food abundance in a given year had more influence on crop use by females than by males. Additionally, females but not males exhibited a trade-off between annual use of crops versus time in oak stands. Some males were attracted to crops, regardless of the availability of natural foods, apparently because the high caloric content of crop foods made it easier to satisfy the caloric requirements of a large bear (Welch et al. 1997) and because their fitness is closely tied to very large physical size (Kovach and Powell 2003) . Females can also improve their reproductive fitness by being larger, but only up to a point (Noyce and Garshelis 1994); they do not compete with each other for mates, as males do. Also, males, being inherently larger, can use their size to monopolize prime feeding areas, and the bigger they are, the better they are able to do so. Some females used crops when overall natural food abundance was low, but when only acorn abundance was low; they were still able to forage on the abundant hazelnuts and the dogwood berries that are common throughout the dense shrub layers of young forests in this region. Likewise, female black bears in Massachusetts used crops only during shortages of natural fall mast (McDonald and Fuller 2001) . Females in Minnesota were also less attracted than males to hunters' baits, and female attraction to baits, like crops, was more strongly influenced by natural food availability (Noyce and Garshelis 1997) .
Many studies have reported black bears feeding on corn (dating back to the 1600s; Cardoza 1976). Our documentation of bears using sunflowers is somewhat unique, owing to the more restrictive range of farmed sunflowers, which is mostly beyond the normal geographic range of black bears. We had not known at the outset of this study whether we could distinguish this crop isotopically. Sunflowers are a C 3 plant, with δ 13 C values similar to wild foods; however, they exhibited higher δ 15 N values than other C 3 plants. These higher δ 15 N values enabled us to distinguish consumption of sunflower seeds, although with less confidence than corn because sunflowers are only differentiable from our other food sources with respect to δ 15 N, and along that axis, sunflowers have a high variance. Consequently, our estimates of sunflower consumption may be conservative. For example, bears that ate both corn and sunflowers or a bear that foraged in a sunflower field with a lower δ 15 N value may not have been correctly identified by our mixing models. This high variation in sunflower δ 15 N values was not unexpected (Choi et al. 2003; Unkovich et al. 2008 ) and was likely related to the application of chemical fertilizer. Most nitrogen fertilizer used in northwestern Minnesota is chemical urea (Bierman et al. 2012) , which should contain a δ 15 N value of 0‰ (i.e., atmospheric N 2 - Bateman et al. 2005) , however, the interaction of fertilizer and rooting depth, soil history, and small differences of δ 15 N values in plants can create variable effects (Evans 2001 ).
Studies combining animal locations with stable isotope analysis to validate or better understand individual behavior are rare but provide a promising area of future research. Edwards et al. (2011) linked faster movement speeds of GPS-collared polar bears with greater percentages of meat consumption based on higher values of δ 15 N. Cerling et al. (2006) combined 5-mm sequentially sectioned isotopic values of elephant (Loxodonta africana) tail hairs with GPS locations to ascertain migration patterns and seasonal dietary shifts. Our regression of observed use (GPS locations) of corn and sunflower fields versus the estimated assimilation of these crops had a slope of 1.99, suggesting that 1% of a bear's time spent in a crop field provided ~2% of its fall diet (Fig. 4) . While preparing for hibernation, bears should gain maximum fat by feeding in an area with dense calories, where they do not have to travel much; crop fields clearly enable bears to achieve this goal. Despite the overall strong relationship, a few points deviated greatly from expectations. Some deviations (above the line) may have been due to bears consuming hunters' baits that contained high-fructose corn syrup; baiting by hunters occurred coincident in time with crop maturation. Exploring these potentially confounding factors, and their impact on bear nutrition and foraging strategies, is an important avenue for continued research.
Crops, such as corn, provide an incentive for range expansion by black bear populations. Although bears do not need these crops to persist in northwestern Minnesota, they certainly benefit from this calorie-dense forage, which is more consistently available, year to year, than natural foods. It results in improved body condition and, likely, reproductive productivity, translating into faster population growth and greater population resilience to human-caused mortality. Corn production in North America has traditionally been concentrated in areas that are not inhabited by black bears, such as Iowa, Illinois, Nebraska, southwestern Minnesota, and South Dakota (United States Department of Agriculture 2014a). However, most states produce corn commercially, and the total acreage of production is expanding in the United States (United States Department of Agriculture 2014b). Much of that expansion is occurring at northern latitudes because of advances in farming technology and also because suitable growing conditions have expanded northward due to climate change (Almaraz et al. 2008; Malcolm et al. 2012) . Areas of commercial corn production increasingly overlap large, established bear populations, and studies have found bears significantly augmenting their diets with corn in a number of US states and Canadian provinces (Stowell and Willgang 1992; Jonker et al. 1998; Garshelis et al. 1999; McDonald and Fuller 2001; Obbard et al. 2010 ). Our isotope-based estimates of corn consumption at the population level are similar to those of Benson and Chamberlain (2006) , who found that corn comprised 30-33% of scat volume during summer/fall in an agricultural landscape in Louisiana. As bear populations grow numerically (Garshelis and Hristienko 2006) , thus pushing against the limits of their range, corn and other crops may facilitate geographic expansion and enhance reproductive rates in areas such as northwestern Minnesota, where black bears were rare historically. 
